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BEAM-COLUMN JOINTS IN EXISITNG
CONCRETE BUILDINGS
W. M. Hassan1 and A. A. Bilal2
ABSTRACT
Shear deficient beam-column joints in existing concrete buildings are believed to have caused
partial or total structural collapses during past earthquakes. These joints primarily lack joint
transverse reinforcement. A recent NEES grand challenge project resulted in detailed assessment
tools for the seismic vulnerability of beam-column joints in existing buildings; however, retrofit
strategies were not suggested. The literature body includes various retrofit solutions for interior
and exterior joints. However, most of these solutions are either very expensive or highly
invasive. The intent of retrofit is usually to have deficient joints to conform to ACI 352 to allow
for flexural yielding in the beam using minimal joint alteration. This paper presents a simple
retrofitting method for existing exterior beam-column joints that aims to transfer the mode of
failure from joint shear failure to a weak-beam-strong column one with no shear degradation in
the joint. The retrofit solution is validated through an experimental program that consists of
testing four exterior beam-column joint sub-assemblages.
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Seismic Retrofit of Shear Critical Beam-Column Joints
in Existing Concrete Buildings
W. M. Hassan1 and A. A. Bilal2

ABSTRACT
Shear deficient beam-column joints in existing concrete buildings are believed to have caused
partial or total structural collapses during past earthquakes. These joints primarily lack joint
transverse reinforcement. A recent NEES grand challenge project resulted in detailed assessment
tools for the seismic vulnerability of beam-column joints in existing buildings; however, retrofit
strategies were not suggested. The literature body includes various retrofit solutions for interior
and exterior joints. However, most of these solutions are either very expensive or highly invasive.
The intent of retrofit is usually to have deficient joints to conform to ACI 352 to allow for flexural
yielding in the beam using minimal joint alteration. This paper presents a simple retrofitting
method for existing exterior beam-column joints that aims to transfer the mode of failure from
joint shear failure to a weak-beam-strong column one with no shear degradation in the joint. The
retrofit solution is validated through an experimental program that consists of testing four exterior
beam-column joint sub-assemblages.

Introduction
Many past earthquakes have shown the seismic vulnerability of concrete beam-column joints
without transverse reinforcement. Examples of these earthquakes include Northridge 1994, Izmit
1999, Haiti 2010 and Van, Turkey 2012 (Fig. 1). These joints, denoted ‘unconfined joints’ in this
manuscript, are believed to have caused partial or total collapse in existing buildings designed
prior to the introduction of ductile details in the 1970s. A comprehensive experimental and
analytical campaign was carried out recently through NEES grand challenge research project;
Mitigation of collapse risk of older concrete buildings [1] and [2], to quantify the seismic
vulnerability of unconfined exterior and corner joints. This campaign has led to better
understanding of the mechanics of unconfined joints and to the development of a few analytical
models for shear strength and residual axial capacity of these joints. One major conclusion of
that study was the classification of joint failure modes and relating them to joint strength. It was
concluded that the joint shear failure following flexural yielding of beams or columns is a trivial
strength mode, whose strength is capped by the shear demand of the yielding framing element.
Hence, this mode will take place at large practical drifts corresponding to large plastic beam
1

Visiting Assistant Professor, Dept. of Construction Engineering, American University in Cairo, EGYPT 11835
Assistant Professor, Housing and Building National Research Center, Cairo, EGYPT, waelhassan@aucegypt.edu
2
Assistant Professor, Housing and Building National Research Center, Cairo, EGYPT
1

Hassan WM, Bilal AA. Seismic Retrofit of Shear Critical Beam-Column Joints in Existing Concrete Buildings.
Proceedings of the 10th U.S. National Conference in Earthquake Engineering, Earthquake Engineering Research
Institute, Anchorage, AK, 2014.

rotations. A more critical joint failure mode is the shear dominant one without beam or column
yielding. This mode of failure, denoted J-Failure, could lead to losing lateral load resistance at
relatively low drift ratios. The focus of joint retrofit in this case should be preserving joint shear
strength and preventing the J-Failure mode until the connection develops the favorable failure
mode of flexural yielding in the beam. Retrofit solutions were not suggested through
aforementioned NEES project. The literature offers many retrofit alternatives; particularly
focusing on FRP wrapping and steel jacketing. However, these alternatives are either labor
intensive, highly invasive or costly. This paper offers a simple retrofit approach that aims to
enhance the J-Failure joint shear strength to force flexural yielding in the beam prior to joint
shear failure.

(a)

(b)

Figure 1. Structural collapse due to deficient beam-column joints: a) Total collapse
in Northridge 1994 earthquake, (Moehle [3]), b) Partial collapse in Izmit 1999
Turkey earthquake (Courtesy of NISEE, University of California, Berkeley.
Joint Retrofit Schemes
Literature body shows a large variety of suggested joint retrofit techniques. These range from
full concrete jacketing of the joint, to externally applied steel plates and FRP sheets to fastening
and clamping with the help of steel haunches, [4] through [11], (Figs. 2 through 5). However,
most of these solutions are labor intensive and some of them such as concrete jacketing may
have a detrimental effect on increasing stiffness and hence attracting larger seismic forces. The
external steel jacketing has also some concerns regarding fire protection and environmental
corrosion. External CFRP laminates are costly and they need fire coating while GFRP ones are
environmentally vulnerable. These shortcomings motivated the search for a more economic, less
invasive and easy to apply retrofit solution that rely on embedment of steel rods internally in the
joint to compensate for the absence of transverse reinforcement. The present study introduces
three exterior joint retrofit alternatives that utilize epoxy injected steel rods within the joint core

along with a modification to the NSM retrofit technique to significantly enhance joint core
confinement. This paper explores the feasibility of the suggested retrofit solutions through an
experimental program that involves testing four 2/3 scale beam-column joint subassemblies.
Retrofitting Beam-Column Joints
The experimental program of the current investigation consists of testing four exterior
beam-column connections under the eff

(d)
(c)
Figure 2.

Joint strengthening solutions: a), b) Faella et al. [4], c) Coelho et al. [5],
d) Cosgun et al. [6]

(a)

(c)
(b)
Figure 3. Exterior joint retrofit techniques: a) Pantelides et al., [7], b) Pantelides et al. [8],
c) Jeyasehar and Ravichandran [9]

Figure 4. Fastening and clamping joint retrofit, Pampanin et al., [10]; Genesio and
Akgüzel, [11]

Figure 5. Strengthening solutions, Coelho et al. [12]
Experimental Program
The experimental program of the current investigation consists of testing four exterior beamcolumn connections under the effect of cyclic quasi-static displacement history along with
constant column axial load. The main test parameter is the retrofit details. Three retrofit
alternatives are studied, namely the U-shape core steel dowels, straight steel core dowels and the
well-known near-surface mounting (NSF) technique.
Specimen Details
The test specimen, Figs. 6 through 8, is a 2/3 scale exterior two-dimensional concrete beamcolumn connection sub- assemblage in which the column height represent the floor height
measured between the contra-flexure points, assumed at mid floor height, of two consecutive
floors. Beam length represents half the actual span assuming the inflection point at mid-span.
The beam-column joint lacked transverse reinforcement as shown in Fig. 6. Beam dimensions
are 400 mm in depth and 250 mm in breadth with a clear span of 1650 mm while column is 400
mm deep, 300 mm wide and 2000 high. According to ACI 352 the effective joint width is 275

mm while its effective depth is 400 mm. Accordingly, the joint aspect ratio αj is 1. The beam
reinforcement comprises 4#8 (4 dia. 25 mm) top and bottom longitudinal bars and #3@3 inches
(dia. 10 mm@75 mm) stirrups. The column reinforcement is 4#8 (4 dia. 25 mm) corner
longitudinal bars along with 2#4 (2 dia. 12 mm) intermediate longitudinal bars. Column
transverse reinforcement is #3@3 inches (dia. 10 mm@75 mm) hoops with the seismic hooks.
The existing construction deficient details such as column lap splice, poor column confinement
and poor beam bar anchorage were not simulated in the test specimens. Although the intent of
the retrofit alternatives is to enhance seismic shear strength of deficient joints in existing
buildings, the test specimen design philosophy incorporated seismic details in both beam and
column, along with strong column-weak beam failure scenario to prevent premature failure of
the sub-assemblage due to a seismic detailing deficiency other than the absence of the transverse
reinforcement of the joint. The beam and column longitudinal reinforcement are designed to
force a “pure shear” J-Failure mode in the control joint and to avoid the framing element flexural
failure such as BJ-Failure, beam yielding followed by joint shear failure, and CJ-Failure, column
yielding followed by joint shear failure. This design philosophy allows for the assessment of the
true shear strength enhancement of retrofitted joints due to the retrofit alternatives suggested.
The goal of the retrofit alternatives is to transfer the weak link to be the flexural yielding of the
beam at a joint shear strength level corresponding to that recommended by ACI 352 for momentresisting frames, so that the joint can function as a seismically designed one. Accordingly, beam
reinforcement corresponds at least to the shear strength recommendation of type 2 connections of
ACI 352. Test matrix are shown in Table 1, where the control un-retrofitted specimens is
denoted J-0-0. J-V-U is the specimen retrofitted using U-shape steel dowels, while specimen JV-S is the one retrofitted using straight epoxy inserted steel dowels. Specimen J-V-NSM is
retrofitted using a U-shape near surface mounted steel bars. The diameter of epoxy injected steel
dowels in the retrofitted specimens is 10 mm.

Figure 6. Steel reinforcement cage of test specimens.

Figure 7. Casting test specimens.
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Figure 8. Test specimen details.

Material Properties
Conventional normal strength concrete is used to construct the test specimens. The nominal
cylinder compressive strength of the specimens is 27.5 MPa, resembling the prevailing strength
in older construction. High strength deformed steel bars are used for longitudinal and transverse
reinforcement with 400 MPa nominal yield strength. The epoxy injected steel dowels and near
surface mounted bars have 400 MPa nominal yield strength. Compressive strength are splitting
tensile strength are performed on concrete cylinders taken for each specimens during
construction while steel reinforcement tensile tests are performed on every steel diameter used. A
bond pull-out test is performed on steel dowels of 10 mm diameter embedded in concrete
cylinders of a compressive strength comparable to that of test specimens. The minimum bond
strength of the epoxy injected bars in concrete is 9.2 MPa.
Instrumentations
Each test specimen was instrumented with 14 electric strain gauges as indicated in Fig. 9. The
strain gauges are used to monitor beam bar longitudinal strains, column bar longitudinal strains,
first column hoop strain above and below the joint and the embedded steel rods and NSM bars
strains. The beam and column strain gauges are placed at 30 mm from the beam-column
interface. Only exterior beam bar strains are monitored. The external instrumentations comprised
6 LVDTs around the joint area to measure joint shear strains as shown in Fig. 9. In addition, a
vertical LVDT was used to measure the beam tip displacement output.

(a)

(b)

Figure 9. Specimen instrumentation details: a) Strain gages, b) External joint LVDTs.

Test Setup
The test setup consisted of a loading frame where the beam-column sub-assemblage is vertically
placed and the beam tip is loaded using displacement controlled hydraulic actuator of a 500 kN
load capacity and 120 mm stroke capacity. The column is laterally restrained to develop column
horizontal reaction. The column base is also laterally restrained to the strong floor to develop the
appropriate boundary condition. The axial load is applied to the column top using a 3000 kN
capacity hydraulic jack connected to a load cell. This loading arrangement simulates lateral
loading on the beam-column sub-structure except for the P-Δ effect on the column since it is
laterally restrained. This second order effect is insignificant in the joint area and ignoring it in the
column lead to a more conservative joint test condition.
Loading Protocol
The loading protocol comprises an increasing amplitude quasi-static displacement controlled
scheme as shown in Fig. 10. The beam tip displacement amplitude is shown in Table 2 as a
function of the predicted yield displacement for each specimen. To simulate the floor gravity
loading, an initial displacement loading of pulling down the beam by 0.25 the yield displacement
is applied and considered a reference displacement for the entire displacement history. A “smallamplitude” cycle is introduced at the beginning of each large amplitude group of cycles in the
inelastic range beginning with group No.3. The small cycles are intended to provide data for
analytical modeling of structures subjected to seismic loading. The column axial load was held
constant at an axial load ratio of 0.22 of the column’s gross concrete capacity. The axial load is
monitored throughout the test and adjusted to its original value if load fluctuation occurred.

Figure 10. Displacement history for the test specimens.
Table 2. Loading protocol’s displacement history amplitudes
1
2
3
4
5
6
7
8
9
Group
Δ/Δy

10

0.25 0.50 0.75 1.00 1.50 2.25 3.38 5.06 7.59 11.4

Retrofit Details
Three retrofit alternatives are used in the current study. The first alternative is embedded high
strength straight steel rods of 10 mm diameter within the joint core in between the beam
longitudinal reinforcement hooks as shown in Figure 11. The procedure for application is to
remove transverse strips of the concrete cover of the back face of the joint at the designated rod
embedment location. The purpose of removing the cover is to locate the beam bar hooks before
drilling. The following step is to drill 12 mm diameter holes in the concrete gaps between the
beam bar hooks. The holes are then filled with high strength epoxy adhesive. Next, the straight
steel dowels are implanted with care into the epoxy injected holes and the excess epoxy is
removed as it exits the holes. The concrete cover is then returned using shotcrete after applying
an epoxy adhesive to the exposed concrete core. The length of the embedded rods is selected so
that it penetrates the joint core until the joint-beam interface. The straight rods are expected to
provide additional shear strength to the joint. However, they add slight confinement only to two
faces of the joint since the embedded rods are somewhat laterally restrained by column
longitudinal reinforcement. ACI 352 seismic joint reinforcement philosophy assumes that proper
confinement is needed in order to develop the full transverse reinforcement shear strength in the
joint. Thus, this retrofit alternative is intended to test this assumption for a partial confinement
using this least invasive joint retrofit alternative. It is noteworthy that the effective confined
concrete area in the joint is much less than the effective joint area for shear strength calculations.
The second retrofit alternative, Fig. 11, is similar to the first one except that the embedded steel
rods have a U-shape. Similar procedure for cover removal and hole drilling is followed for this
alternative. The two legs of the rods are then embedded in the epoxy injected holes and the
transverse segment of the U-shape rod is left immediately outside the concrete core. The
concrete cover is then returned using shotcrete after epoxy adhesive material is applied to the
core concrete and the transverse segment of the U-shape rod.
The third retrofit solution, Fig. 11, is the near-surface mounted steel bars with a slight
modification to significantly enhance concrete confinement. Previous researchers, [12], applied
the NSM bars in external grooves drilled in the concrete cover while extending the NSM bars
into beams and columns to provide a sufficient development length. However, this extension into
the beam and column leads also to providing additional flexural strength to beams and columns
which could defy in some cases the purpose of the retrofit which is adding shear strength to the
joint to transfer the failure mode to a ductile beam plastic hinging. In the present study, the NSM
bars are terminated 15 mm prior to reaching the beam-joint interface. A transverse steel rod that
penetrates the entire joint width is implanted within the joint core perpendicular to the terminated
end of the NSM bars. Consequently, the steel rod is welded to free ends of the NSM bars on both
faces of the joint. Accordingly, the effective confined concrete area is significantly magnified to
reach nearly the entire shear effective area of the joint. The use of an ultrasound steel detector is
recommended in this case to locate column longitudinal bars adjacent to the beam-column
interface instead of removing the concrete cover.

J-V-U

J-V-S

10 mm inserted U-Shape rod
10 mm inserted rod

J-V-NSM

NSM bar

8 mm inserted rod

8 mmNSM bar

Welding

Figure 11. Suggested retrofit alternatives.

Theoretical Considerations
The calculation of the required area and spacing of embedded steel rods and NSM bars was
performed in order to provide shear strength to the exterior joint as per the recommendation of
ACI 352 for transverse reinforcement. The bare specimen J-0-0 joint shear strength was
predicted using the J-Failure empirical shear strength model suggested by Hassan [1]. The joint
effective area for shear strength calculations was determined according to ACI 352; where joint
effective width is the average of beam and column widths (275 mm) and joint effective depth is
the same as column depth (400 mm). The shear strength coefficient γj is defined as the joint shear
stress divided by the square root of concrete cylinder strength. The predicted shear strength
coefficient γj for the bare specimen is 13 psi0.5 (1.1 MPa0.5). It is instructive to qualitatively
compare the effective confined concrete area in specimens J-V-U and J-V-NSM. The confined
joint core in specimen J-V-NSM is measured between centerlines of the NSM bars and the
embedded transverse rod at the beam-joint interface, as shown in Fig. 12.b. The confined
concrete area in specimens J-V-U is bounded by the black solid line in Fig. 12.a is beam
confinement is neglected due to interface cracking, and bounded by the blue dashed line if beam
confinement is considered. ACI 352 consider loaded beam at joint face effective in confinement,
however, this assumption will be tested in the light of the results of testing specimens J-V-U

Confined
concrete
(a)

Confined
concrete

(b)

Figure 12. Effective confined concrete in specimens a) J-V-U and b) J-V-NSM.

Conclusions
The current paper suggests three exterior joint retrofit techniques that are considered economic,
easy to apply as they avoid the major shortcomings of the current joint retrofit alternatives such
as concrete and steel jacketing and FRP wrapping. The feasibility of the suggested joint retrofit
alternatives are tested through an experimental program that consists of four 2/3 scale beamcolumn joint specimens. The theoretical bases for the suggested solutions suggest the feasibility
of at least two of them in enhancing joint shear strength and deformability. Testing is underway
and the test results will be included in the first revision of this manuscript.
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